Activation of complement on endothelium triggers physiological changes that promote coagulation, thrombosis, and inflammation. Unlike agonists such as cytokines and endotoxin that induce these changes through transcription of many genes, complement, particularly the membrane attack complex, primarily induces release of IL-1␣ by the endothelial cells; the cytokine may then be removed by normal blood flow or may promote activation of the full range of endothelial cell responses in an autocrine or paracrine manner. We studied the intracellular signaling pathways used by complement to activate interleukin (IL)-1␣ transcription in cultured endothelial cells. The membrane attack complex and other pore-forming proteins stimulated calcineurin and activated selective transcription of the IL-1␣ gene. In contrast, the action of cytokines such as IL-1␣ was not selective and not dependent on calcineurin activity. Transcription of IL-1␣, whether stimulated by complement and calcineurin or by "conventional agonists," such as IL-1␣ independent of calcineurin, proceeded via binding of nuclear factor B transcriptional activators to the IL-1␣ gene promoter. These findings define a molecular mechanism through which complement regulates IL-1␣ production by endothelial cells and explain how blood flow may determine the extent of complement-stimulated inflammation. (Circ Res. 2006;98:793-800.)
T he endothelial cells lining blood vessels form a highly specialized, metabolically active interface between the blood and underlying tissues. In this capacity, endothelium monitors health and disease in tissues and rapidly integrates signals representing each to induce an appropriate response by blood vessels and circulating cells. For example, under conditions of well being, endothelium expresses thrombomodulin 1 and the tissue factor pathway inhibitor, 2 which inhibit coagulation; prostacycline I 2 , 3 which inhibits platelet aggregation; and nitric oxide, which relaxes vascular smooth muscle. This antiinflammatory and anticoagulative posture may reflect interactions of endothelial cells with the microenvironment. 4 -6 On the other hand, under conditions of injury, infection, or disease, endothelium is exposed to such agonists as endotoxin, thrombin, and heparan sulfate, and, in response, it expresses tissue factor 7, 8 and plasminogen activator inhibitor 1 (PAI-1), 9 which promote coagulation and E-selectin 8 ; interleukins (IL-6 10 and IL-1␣ 7 ) and chemokines (IL-8 11 ), which promote inflammation; and thromboxane A2, 12 which induces constriction of vascular smooth muscle.
The set of coordinated changes in endothelial function that promote coagulation, inflammation, and vasoconstriction have been called endothelial "perturbation" or "activation." 13, 14 Endothelial activation was first described in endo-thelial cells exposed to endotoxin or cytokines such as IL-1␤, tumor necrosis factor (TNF)-␣, or IL-6. 13, [15] [16] [17] Endotoxin activates endothelial cells by stimulating Toll-like receptor 4 (TLR4), 18 and IL-1 stimulates 1 or more of several IL-1 receptors (IL-1Rs). 19 These receptors, particularly TLR4 and IL-1R, invoke well-known intracellular signaling pathways that among various changes activate nuclear factor (NF)-B, a transcriptional regulator that orchestrates expression of proinflammatory mediator genes in endothelial cells. 20 Activation of endothelium by complement differs in certain respects from activation by endotoxin or cytokines. Endotoxin and cytokines stimulate receptors that initiate well-known signaling pathways culminating in translocation of NF-B. Complement activation generates anaphylotoxins (C3a and C5a) that stimulate G protein-coupled receptors (C3aR and C5aR, respectively), and protein complexes that insert into cell membranes, activating the small GTPase Ras 21 and mobilizing intracellular calcium. 22 However, activation of endothelium by C3aR and C5aR is appreciable only after endothelium is first stimulated by IL-1␣, 23, 24 and rapid inactivation of anaphylotoxins by carboxypeptidase N and carboxypeptidase R 25 limit their effect.
Insertion of the membrane attack complex into endothelium induces procoagulant and proinflammatory changes typ-ical of endothelial cell activation; however, it does not do so as a direct response to stimulation. Rather, the membrane attack complex induces transcription, production, and secretion by endothelial cells of IL-1␣, 7 as well as perhaps a few other factors, 26 but not the range of procoagulant and proinflammatory substances seen with endothelial cell activation. The IL-1␣ released from endothelial cells can stimulate endothelial cells in an autocrine or paracrine fashion to generate the activated phenotype, or it might be washed away, in which case endothelial cells remain quiescent. 4 We have postulated that autocrine or paracrine activation of endothelial cells by IL-1␣ following exposure to the membrane attack complex promotes local activation of endothelium when blood flow is low, whereas the washing away of IL-1␣ prevents activation of endothelium in physiological conditions. 4 We explored the means by which complement or other pore-forming proteins induce production of IL-1␣ by endothelial cells. Our studies revealed that transcriptional activation of IL-1␣ in response to these proteins requires utilization by NF-B of specific sequences in the promoter region of the IL-1␣ gene. Stimulation of endothelial cells by pore-forming proteins like the membrane attack complex stimulates calcineurin-dependent activation and binding of NF-B to the IL-1␣ gene promoter, to selectively activate transcription of that gene. The selective activation of IL-1␣ by complement and calcineurin dependence of the response contrasts with the typical response of endothelial cells to cytokines and endotoxin, which orchestrate transcription of a broad program of inflammatory gene products. 20 This finding may help explain endothelial responses to infectious challenges and may offer new avenues for therapy for complement-mediated disease.
Materials and Methods

Materials
Human serum was used as a source of complement. 7, 27 Recombinant IL-1␣ and TNF-␣ were from R&D Systems (Minneapolis, Minn). Melittin, ionomycin, phorbol-12-myristate-13-acetate (PMA), and FK506 were from Calbiochem (La Jolla, Calif).
Cell Cultures
Porcine aortic endothelial cells were cultured and characterized as described 27 and were used between the fourth and eighth passage. Human aortic endothelial cells were from Cambrex Bio Science (Santa Rosa, Calif) and cultured as suggested by the company. Endothelial cells were transfected on 24-well plates at approximately 50% confluence. For preparation of RNA or nuclear extracts the cells were cultured as confluent monolayers.
Analysis of mRNA by PCR
Total RNA from endothelial cells was isolated by the guanidinium thiocynate method. 28 RT-PCR was performed as described. 27 The PCR products were identified by sequencing, and the relative levels of various mRNA were compared with GAPDH mRNA. 7 The sequence of oligonucleotides used for PCR were: human IL-1␣, CCAGGCGTAGGTCTGGAGTCTCACTTGTCT and TGTTGCG-GCAGGAAGGCTTAGGTATTATTC; human GAPDH, CATGC-CATCACTGCCACCCAGAAGACTGTG and GAAATGAGCTT-GACAAAGTGGTCGTTGAGG; porcine IL-1␣, CGGGAAGATT-CTGAAGAAGAGACGGTTGAG and TGGGCGGCTGATTT-GAAGTAGTCCATATTG; porcine GAPDH, CCGCGTCCCT-GAGACACGATGGTGAAGGTC and TTCAAGTGAGCCCCA-GCCTTCTCCATGGTC; porcine E-selectin, GCAAAAA-GAAGCTCGCCTTGTGCTACACAG and GCTTTACAAACTGG-GGCTTGCTGGGTCCAT.
The products were fractionated in 1.2% agarose-TBE gels, stained with ethidium bromide, and quantitated using the Gel Doc 2000 and Quantity One software (Bio-Rad, Hercules, Calif).
Cloning of the IL-1␣ Promoter
The porcine IL-1␣ promoter region was cloned from a porcine liver genomic library prepared in Lambda FIX II vector (Stratagene, La Jolla, Calif). Ten million plaques were screened using porcine IL-1␣ cDNA (M86730), yielding 3 clones. From these clones, we identified a 3.5-kb DNA 5Ј noncoding region of IL-1␣, which was subcloned in Blusescript KS(ϩ) (Stratagene) for sequencing. The human IL-1␣ promoter, 156 bp 5Ј to the human IL-1␣ transcription start site, was amplified using PCR and genomic DNA obtained from human aortic endothelial cells. The primers used for this reaction were AGTTT-TAGCCAGTATCGAGTTGAATGAACATAGAA and AAGCCT-GAGTCAGTCTTCTTCGCCTTTTGTAATTG (GenBank accession no. X03833.1).
Analysis of the IL-1␣ Promoter Region
Wild-type or mutated human and porcine IL-1␣ promoter regions were cloned into pGL3-basic luciferase reporter vector (Promega, Madison, Wis). Endothelial cells were transfected with 500 ng of reporter vector using SuperFect (Qiagen, Valencia, Calif). The efficiency of transfections was determined by cotransfecting 100 ng of Renilla luciferase reporter vector as an internal control (pRL-TK, Promega). After 40 to 48 hours, the cells were lysed in 200 L of Passive Lysis Solution (Promega). Luciferase activity was determined using the Dual-Luciferase Reporter Assay system (Promega) and a TD-20/20 luminometer (Turner Designs, Sunnyvale, Calif).
NF-B Translocation Analysis
Nuclear translocation of NF-B was analyzed by electrophoretic mobility shift assay. Nuclear protein was extracted from porcine aortic endothelial cells as described. 29 Double-stranded DNA probes were prepared by end-labeling with ␥[ 32 P]ATP (Amersham, Piscataway, NJ) and T4 polynucleotide kinase (New England Biolabs, Beverly, Mass) and were purified using G-25 Sepahdex Quik Spin Columns (Roche, Indianapolis, Ind). The sequences of the oligonucleotide probes were TTCTTCCCTGTAAATTCCCCGTTTTG and TTCTTCCCTGTAAATTCCCCACGA, which were derived from the human and porcine IL-1␣ gene promoters, respectively.
The electrophoretic mobility shift assay was performed as described. 29 Nuclear extracts (4 to 5 g) were incubated with labeled probes (0.25 pmol per reaction) on ice for 15 minutes. In some experiments, 1 L of antibodies were included in the reactions. Binding reactions (15 L) contained 2 g of poly(dI-dC)⅐poly(dI-dC) and 15 to 20 mol/L nonspecific oligonucleotide in binding buffer (30 mmol/L HEPES [pH8.0], 0.4 mmol/L EDTA [pH8.0], 0.08% Igepal). The protein-DNA complexes were resolved on 4% nondenaturing polyacrylamide gels and analyzed as described. 29
Results
Calcium-Mediated Induction of IL-1␣ Transcription
Because complement activates endothelium mainly through insertion of terminal complexes in cell membranes and production and secretion of IL-1␣, 27 we asked how complement induces transcription of IL-1␣. Because cellular responses to terminal complement complexes require mobilization of intracellular calcium, we first asked whether changes in intracellular calcium contribute to transcription of IL-1␣ mRNA. To address this question, porcine and human aortic endothelial cells were stimulated with ionomycin to increase the concentration of intracellular free calcium and changes in the level of IL-1␣ mRNA was sought by RT-PCR using total cellular RNA-and IL-1␣-specific primers. As Figure 1 shows, stimulation of endothelial cells with ionomycin dramatically increased expression of IL-1␣ mRNA within 4 hours.
Because changes in intracellular calcium can activate the calcium-dependant phosphatase calcineurin and the protein kinase C (PKC) serine-threonine protein kinases, we asked whether activation of 1 or more of these molecules induces transcription of IL-1␣. To address that question, porcine aortic endothelial cells were treated with cyclosporine A, an inhibitor of calcineurin, and then with ionomycin, and the level of IL-1␣ transcription was measured. As a positive control, IL-1␣ transcription was also measured in cells stimulated with recombinant porcine IL-1␣, which activates IL-1␣ transcription, in the presence or absence of cyclosporine A. As shown in Figure 1B , cyclosporine A completely abolished ionomycin-induced IL-1␣ transcription but had no effect on the stimulation of IL-1␣ transcription by IL-1␣. These results suggest that mobilization of intracellular cal-cium activates IL-1␣ transcription through a calcineurindependent mechanism.
Because increases in intracellular calcium activate conventional PKC serine-threonine kinases, 30 we tested whether these kinases might also contribute to the activation of IL-1␣ transcription. Porcine aortic endothelial cells were treated with PMA to activate PKC and the amount of IL-1␣ mRNA was determined 4 hours later. PMA stimulated IL-1␣ transcription in endothelial cells to the same degree as treatment with ionomycin or IL-1␣; however, in contrast to the response to ionomycin, transcription of IL-1␣ mRNA induced by PMA was not inhibited by cyclosporine A ( Figure 1B) . Thus, changes in intracellular calcium stimulate IL-1␣ gene transcription independent of PKC serine-threonine kinases and through a distinct, calcineurin-dependant pathway.
We next asked whether complement uses calcineurin to induce expression of IL-1␣ in endothelial cells. To address this question, porcine aortic endothelial cells were incubated with human serum to activate complement in the presence or absence of the cyclosporine A or FK506, and the level of IL-1␣ transcription was measured. Complement activation on porcine aortic endothelial cells stimulated expression of IL-1␣ in the cells ( Figure 1C ). Cells treated with calcineurin inhibitors before stimulation with complement expressed significantly less IL-1␣ mRNA than cells not treated with calcineurin inhibitors ( Figure 1C ). Thus, complement acts, at least in part, through calcineurin to induce expression of IL-1␣ in endothelial cells. The suppression of IL-1␣ transcription by calcineurin inhibitors did not reflect "nonspecific" toxicity because cells treated with cyclosporine A responded fully to stimulation with IL-1␣ or PMA ( Figure  1B ). The concentrations of calcineurin inhibitors used in these experiments represent therapeutic blood concentrations; thus these results suggest that calcineurin inhibitors might find new uses in modifying blood vessel disease caused by complement activation.
Calcineurin-Mediated Induction of IL-1␣ Transcription
Endothelial cells respond to endotoxin, IL-1␣, and other inflammatory stimuli by expressing a number of proinflammatory genes and producing corresponding inflammatory gene products, including IL-1␣. 20, 27 Because calcium mobilization by complement activates IL-1␣ transcription through a distinct, calcineurin-dependant pathway, we asked whether the response of endothelial cells to activation of calcineurin differs from the response to other stimuli. To address this question, we tested whether activated calcineurin itself stimulates transcription of proinflammatory genes. We transfected porcine aortic endothelial cells with a vector encoding a constitutively active calcineurin mutant (⌬CaM-AI) 31 and then measured the levels of IL-1␣ and E-selectin mRNA. Both IL-1␣ and E-selectin mRNA are found in endothelial cells activated by endotoxin or cytokines, but only IL-1␣ is found as a primary gene product in endothelial cells activated by complement. 27 Control cells were transfected with a control plasmid with or without added IL-1␣. As shown in Figure 2 , transfection with the ⌬CaM-AI plasmid increased expression of IL-1␣ mRNA in a dose-dependent manner, but Figure 1 . Activation of IL-1␣ expression in endothelial cells by calcium and complement. Aortic endothelial cells (porcine, PAEC; or human, HAEC) were stimulated for 4 hours with 1 mol/L ionomycin to mobilize intracellular calcium, or with 1 ng/mL IL-1␣ (IL-1) or 1 mol/L PMA. In some experiments, porcine aortic endothelial cells were exposed to activated complement by incubating the cells with 12% human serum. Total cellular RNA was isolated, and the relative amounts of IL-1␣ and GAPDH mRNA present were determined by RT-PCR and agarose gel electrophoresis. The amount of IL-1␣ mRNA, relative to GAPDH, was determined by scanning densitometry of gels run following PCR reactions (bar graphs in B and C). Results representative of 4 experiments are shown. A, Ionomycin stimulates IL-1␣ expression in cultured human and porcine endothelial cells. B, Ionomycin-stimulated IL-1␣ expression is mediated by calcineurin. Porcine aortic endothelial cells were cultured with 1 mol/L cyclosporine A (CsA) for 2 hours to inhibit calcineurin and then stimulated with ionomycin (In), IL-1␣, or PMA. Cyclosporine A completely abolished IL-1␣ expression in response to ionomycin but did not inhibit IL-1␣ expression in response to other endothelial cell activators. C, Complement-stimulated IL-1␣ expression requires calcineurin. Porcine aortic endothelial cells were treated with the calcineurin inhibitors FK506 or CsA for 2 hours and then with complement (12% human C) for 4 hours. Calcineurin inhibitors prevented complement-mediated activation of IL-1␣ expression. These results demonstrate that calcium mobilization or complement stimulates calcineurindependent IL-1␣ expression.
it did it did not induce expression of E-selectin mRNA ( Figure 2) or GAPDH or other genes (not shown). In contrast, treatment of cells with IL-1␣ induced both IL-1␣ and E-selectin, as expected. These findings indicate that active calcineurin selectively induces expression of IL-1␣ in endothelial cells.
Regulation of IL-1␣ Expression
Because mobilization of intracellular calcium and activated calcineurin selectively stimulate expression of IL-1␣ mRNA, we asked whether the promoter controlling expression of the IL-1␣ gene in endothelial cells is regulated by calcineurin. To address this question, we cloned the promoter region of the IL-1␣ gene from porcine aortic endothelial cells and generated luciferase reporter vectors to identify the region controlled by calcineurin. As Figure 3 shows, ionomycin induced luciferase in cells transfected with a vector encoding the full IL-1␣ promoter and with a vector encoding a 163-bp region 5Ј to the transcription start site ( Figure 3A and 3B) . Luciferase activity was absent or nearly so in cells transfected with a vector lacking this "calcium-response region."
To determine whether the calcium-regulated region of the IL-1␣ promoter requires calcineurin activity, we transfected endothelial cells with the minimal IL-1␣ promoter-reporter vector and treated the cells with calcineurin inhibitors and with ionomycin. Cyclosporine A or FK506 treatment inhibited IL-1␣ promoter responses to ionomycin stimulation ( Figure 3C ) to the same extent as they had inhibited transcription of endogenous IL-1␣ mRNA in endothelial cells ( Figure 1B) . These results show that calcium controls transcription of the IL-1␣ gene, probably by activation of calcineurin.
To determine whether calcineurin activity directly regulates the IL-1␣ promoter, we transfected porcine aortic endothelial cells with reporter vectors regulated by either the porcine or the human IL-1␣ promoter and tested responses to cotransfected ⌬CaM-AI. Control cells were cotransfected with the ⌬CaM-AI plasmid and with a luciferase reporter vector regulated by the SV40 promoter or with the IL-1␣ promoter vector without ⌬CaM-AI. The ⌬CaM-AI plasmid, at very low concentrations (1:25, ⌬CaM-AI:IL-1␣), increased porcine IL-1␣ promoter activity by 7.2-fold and human IL-1␣ promoter activity by 8.6-fold compared with controls transfected with the IL-1␣ promoter luciferase reporter plus a Porcine aortic endothelial cells were transfected with a luciferase reporter vector regulated by the calcium-responsive element of the IL-1␣ gene promoter. Transfected cells were treated for 2 hours with 1 mol/L cyclosporine A (CsA) or with 100 nmol/L FK506 and then stimulated with ionomycin. Cyclosporine A and FK506 reduced ionomycin-stimulated luciferase production. These results indicate that the IL-1␣ gene is regulated by a 163-bp calcium-and calcineurin-responsive element near the IL-1␣ transcriptional start site.
plasmid lacking calcineurin ( Figure 4A ). Calcineurin activity targets the IL-1␣ promoter and not other steps in production of luciferase protein, because ⌬CaM-AI did not increase the activity of SV40 promoter-driven luciferase production (Figure 4A) . Stimulation of the IL-1␣ promoter by ⌬CaM-AI required calcineurin activity, because luciferase production was inhibited by calcineurin inhibitors (Figure 4B) . These results show that calcineurin activates transcription from the IL-1␣ promoter.
Mapping of the Calcineurin Response Region
To characterize the region of the IL-1␣ promoter that responds to calcium and calcineurin, we generated deletion and point mutations within the porcine IL-1␣ promoter in the luciferase reporter construct and tested responsiveness in endothelial cells cotransfected with ⌬CaM-AI. Analyses of multiple deletion mutants identified the sequence CTTCCCT-GTAAATTCCCCAC located Ϸ 90 bp upstream of the transcription start site as critical for activation of the promoter by calcineurin. When this sequence was removed, the response of the IL-1␣ promoter to ⌬CaM-AI was significantly decreased ( Figure 5 ). This sequence contains a putative NF-B binding site (underlined sequences) 32 and is identical in the human and the porcine IL-1␣ promoters. Point mutations of the IL-1␣ luciferase reporter constructs within "NF-B sites" were less responsive to calcineurin than were mutants with intact NF-B binding sites, whereas point mutations elsewhere responded fully or nearly so to calcineurin ( Figure 5 ). These results suggest that NF-B activity is essential for induction of IL-1␣ by calcineurin.
Identification of NF-B Binding Sites in IL-1␣ Promoter
To determine whether the calcineurin responsive region of the IL-1␣ promoter interacts with NF-B proteins, we performed electrophoretic mobility shift assays using proteins isolated from endothelial cell nuclei and 32 P-labled CTTC-CCTGTAAATTCCCCAC probes derived from the calcineurin-responsive sequence in the IL-1␣ gene promoter. Nuclei from human or porcine endothelial cells that had been stimulated with IL-1␣ contained a protein(s) that formed a complex with the probe (Figure 6A and 6B ). Antibodies specific for NF-B components p65 and p50 further shifted complexes formed between porcine endothelial cell nuclear proteins and CTTCCCTGTAAATTCCCCACGA derived from the porcine IL-1␣ promoter and complexes formed between human endothelial cell nuclear proteins and CTTC-CCTGTAAATTCCCCCGTTTG derived from the human IL-1␣ promoter. Probes with mutated bases in the NF-B binding consensus site failed to form complexes when incubated with the nuclear extracts ( Figure 6B ). These findings show that the calcineurin response region of the IL-1␣ promoter contains a binding site for NF-B. Figure 4 . Calcineurin activates a "calcium-regulated" element of the IL-1␣ gene promoter. A, Porcine aortic endothelial cells were transfected with luciferase reporter vectors regulated by porcine or human IL-1␣ promoters. Control cells were transfected with a luciferase reporter vector controlled by the SV40 promoter. The cells were cotransfected with expression vectors encoding either ⌬CaM-AI constitutively active calcineurin or control (empty) vectors, and luciferase production was measured 12 hours later. Calcineurin activity specifically stimulated IL-1␣ promoter activity. B, Porcine or human aortic endothelial cells were cotransfected with ⌬CaM-AI or control calcineurin expression vectors and with luciferase reporter vectors regulated by porcine (left) or human (right) IL-1␣ promoters. Transfected cells were incubated with FK506 for 12 hours, and luciferase production was measured. Calcineurin-activated IL-1␣ promoter activity was abolished by FK506. These results show that calcineurin directly stimulates human and porcine IL-1␣ promoter activity in endothelial cells. 
Role of the NF-B/Calcineurin Responsive Site in the Induction of IL-1␣ by the Membrane Attack Complex of Complement and Other Pore-Forming Proteins
We next asked whether insertion of pore-forming complexes such as the membrane attack complex generated by complement activation induce NF-B binding to the calcineurin response site of the IL-1␣ promoter. To address that question, we incubated porcine endothelial cells with human serum to activate complement or treated the cells with melittin, a pore-forming protein that, like membrane attack complex, mobilizes calcium and induces transcription of IL-1␣ mRNA in endothelial cells. 27 Nuclear extracts isolated from endothelial cells exposed to melittin contained proteins that formed specific complexes with the IL-1␣ promoter probe ( Figure  7A ). Similar complexes were detected using nuclear extracts from endothelial cells stimulated with complement ( Figure  7A ). Antibodies specific for NF-B components p65 and p50 retarded the mobility in gels of the complexes formed between nuclear proteins from complement treated endothelial cells and the probe ( Figure 7B ). These results indicate that complement and other pore forming proteins stimulate the appearance of NF-B complexes in endothelial cell nuclei that bind to the IL-1␣ promoter.
To determine whether calcineurin modifies NF-B activation by complement, we treated endothelial cells with FK506 and then with complement and tested whether NF-B proteins appeared in the nuclei of treated cells. As Figure 7 shows, FK506 completely inhibited complement-stimulated appearance of nuclear proteins reactive with NF-B binding IL-1␣ promoter probe. Because calcineurin inhibitors did not affect the ability of IL-1␣ to stimulate IL-1␣ transcription (Figure 1 ) activation of NF-B in endothelium by complement must proceed through a pathway distinct from that of cytokines and endotoxin.
Discussion
Here we report that activation of endothelial cells by the membrane attack complex of complement and other poreforming proteins proceeds though calcium-dependant activation of calcineurin and activation of NF-B, which together induce transcription of IL-1␣. The combined action of activated calcineurin and NF-B is highly specific for transcriptional activation of IL-1␣, and this specificity may explain, in part, how complement, unlike other endothelial cell agonists, focuses responses of endothelial cells on IL-1␣ production.
Focusing responses of endothelium through regulation of IL-1␣ transcription may help to avoid unwanted activation of endothelium. Thus, full activation of endothelium by complement occurs only in those segments of blood vessels that are directly targeted by complement and injured (thus having reduced blood flow) or those segments immediately downstream (and thus exposed to IL-1␣). In contrast, activation of complement without concomitant blood vessel injury and without reduced blood flow, as might occur when complement is activated on the surface of circulating cells, would not perturb endothelium and hence would not induce coagulation and inflammation. Thus, the clearing of dead or neoplastic cells by complement 33, 34 and formation of common autoantibodies such as cold agglutinins 35 do not eventuate in widespread coagulation and inflammation because terminal complexes that insert in endothelial cells and activate transcription of IL-1␣ do not generate full activation of endothelium.
How tissue damage regulates the molecular response to complement activation is an important reflection of regional physiology. 4 Damage to tissues and particularly damage to blood vessels can eventuate reduction of blood flow through several independent mechanisms. First, endothelial disruption triggers aggregation of platelets, which directly occlude blood flow and release thromboxane A2, which stimulates vasoconstriction. 12 Second, damaged or denuded endothelium provides less nitric oxide, the decrease in availability of which also promotes vasoconstriction. Third, tissue damage causes shedding of heparan sulfate, 36, 37 the loss of which deprives endothelium of a key anticoagulant, 38 and thus allows formation of occlusive thrombi. When tissue damage causes vasoconstriction or vasoocclusion or disruption of blood flow, IL-1␣ produced in response to complement provokes ongoing coagulation, inflammation, and immunity. Such a condition might be advantageous when microorganisms enter injured tissues, in which case complement activation may activate endothelium and initiate inflammation and sequestration of microorganisms before activation of other immune cells.
Selective stimulation of IL-1␣ by complement-and calcium-stimulated calcineurin may be restricted to endothelial cells, because constitutively active calcineurin did not activate the IL-1␣ gene promoter in porcine cardiac smooth muscle cells (G.J.B. and J.L.P., unpublished results, 2005). The molecular mechanisms that regulate the IL-1␣ gene and underlie differential expression are complex and only partially understood. McDowell et al 39 recently found that transcription of the human IL-1␣ gene is constitutively suppressed by a protein(s) bound to a DNA sequence 448 bp 5Ј to the transcription start site; IL-1␣ is also positively regulated by the Sp-1 transcription factor, which binds the IL-1␣ gene promoter sequence 52 bp 5Ј to the transcriptional start site. These authors did not describe NF-B activity acting on the IL-1␣ promoter, as we show here; however, Sp-1 has been shown to bind directly to a subset of NF-B binding sequences. 40 The contribution of these positive and negative-regulatory factors, along with tissue-specific epigenetic modifications of the IL-1␣ chromosomal locus, likely contribute to cell-type specific regulation of the gene.
Activation of endothelium by complement and production of IL-1␣ may account for systemic inflammatory reactions seen in complement-mediated disease. For example, increased endothelial expression of IL-1␣ and heightened cardiovascular comorbidity and mortality have been observed in those with extraarticular rheumatoid arthritis. 41 Similarly, a single nucleotide polymorphism in the IL-1␣ gene promoter has been strongly associated with development of end-stage renal disease. 42 Although studies such as ours shed light on molecular mechanisms of immune responses, a full understanding of those responses clearly requires consideration of the milieu of the organ or tissue in which the molecular events arise. Thus, in the broadest sense, our results reinforce the concept that complement-stimulated inflammation and disease depends on the microenvironment in which complement-stimulated IL-1␣ expression occurs.
